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POLYMERIZATION OF ALFHA-OLEFINS 

BACKGROUND OF THE INVENTION 

Field of the Invention 

This invention relates generally to a process for the continuous 
5 pol)anerization of an alpha-olefin in the vapor phase in a substantially 
horizontal, quench-cooled, stiired-bed reactor, and more particularly relates 
to the control of the aforesaid process to produce a solid polymer having 
predetermined properties. 

10 . Discussion of the Prior Art 

Shepard et al., U- S. Patait No. 3,957,448; Jezl et aL, U.S. Patent No. 
3,965,083; Jezl et al., U-S. Patent No. 3,970,611; Peters et aL, U^. Patent No. 
3,971,768; Stasi, U.S. Patent No. 4,021,024; Jezl et aL, U.S. Patent No. 4,101,289; 
Jezl et al., U.S. Patent No. 4,129,701; and Kreider et al., U.S. Patent No. 

15 4,640,963, disclose vaiibus specific embodiments of a general method 
performed in a substantially horizontal reactor for &e vapor-phase 
polymerization of at least one alpha-olefin monomer in a reaction mixture 
comprising a first alpha-olefin monomer and, if copoljonerization is 
occurring, a second alpha-olefin monomer. The general method disclosed 

20 comprises: conductrng the polymerization under polymerization conditions 
of temperature and pressure in the presence of hydrogen and a cataljrst 
system comprising a solid catalyst comprising a first metal and a cocatal3^t 
c omp r i sing a second metal in a reactor wherein at least a portion of the heat 
of polymerization is removed by evaporative cooling of a readily 

25 volatilizable quench liquid, and wherein the reactor comprises a 
substantially horizontal reactor of substantially circular cross-section 
containing a centrally-located drive shaft extending longitudinally through 
said reactor to which are attached a plurality of adjacentiy located paddles, 
which paddles cause essentially no forward or backward movement of the 

30 particulate homopolymer or copolymer product contained in the reactor and 
extend transversely within and to a short distance from tiie internal surfaces 
of the reactor; driving means for the drive shaft; one or more reactor ofi-gas 
outiets spaced along the topward part of tiie reactor; a plurality of vapor 
recycle inlets spaced along the bottomward part of tiie reactor; one or more 

35 catalyst and cocatalyst addition inlets spaced along the reactor; a plurality of 
quench liquid inlets spaced along the topward part of the reactor whereby 
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quench iiqiiid can be introduced into the reactor; and take-off means for the 
particulate polymer product at one or both ends of the reactor. 

In the preparation of solid polymers from alpha-olefins in a gas-phase 
polymerization in the aforesaid substantially horizontal, quench-cooled 
5 stirred-bed reactor, it would be highly desirable to control the 
polymerization reaction so as to provide a polymer product having pre- 
deteimined and constant properties. In addition, a great deal of off* 
specification polymer product is produced during a transition period during 
which the polymerization conditions are changed from those employed in 

1 0 the manufacture of one grade of a polymer having one set of properties to 
those employed in the manufacture of another grade of the same pol5aner 
having a different set of properties or from those employed in the 
manufacture of homopolymer to those employed in the manufacture of a 
capol3rmer or vice versa. 

15 In the operation of the aforesaid substantially horizontal, quench- 

cooled stirred bed pol3anerization reactor unit, diere are a number of process 
changes that can lead to a situation where the process variables and product 
properties change with time. Several of these transient situations are 
operator induced while others are inherent to the process or caused by 

20 circumstances beyond the process operator's control. Among those 
situations controlled by the operator are: shut-down, start*up, production 
rate changes, and product grade changes. Grade changes tend to be very 
complex and time consuming. The main reason for the unusual complexity 
is that each grade change requires by definition diat the plant's steady-state 

25 operating conditions be substantially disturbed. Furthermore, the problem 
is aggravated by the fact that during the transition several operating 
variables can change simultaneously. For example, some variables, like 
reactor temperature, pressure and catalyst feed, control the reaction rate, 
whereas others, such as hydrogen and/or propylene partial pressures, 

30 control the transition's speed and the ultimate polymer properties. Grade 
changes are always coupled widi cost penalties due to the generation of off- 
specification material during the product transition. 

Thus, in order to quantify the cost penalties associated with product 
transitions, it woiild be highly desirable to develop a mathematical model of 

35 the process. A critical utilization of this process model is in the form of an 
advanced control method that can be utilized for on-line minimization of 
grade transition times and to maintaixi safe operation from one product 
transition to another. It would also be desirable to reduce this transition 
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period and the amount of ofi-spedfication polymer produced during the 
transition period. Thus far, ho method has been disclosed for controlling 
the continuous vapor-phase polymerization in the aforesaid substantially 
horizontal, quench-cooled, stirred-bed reactor. 
5 The desired control of the polymerization process . is extremely 

difficult to attain because of the holdup time of polymerization reactors and 
the time involved in obtaining polymer samples and measviring the 
properties of those samples. Because of this time period, the polymerization 
conditions employed in the reactor at the time at which a property of a 

1 0 polymer sample withdrawn from the reactor is measured are not necessarily 
the same as the polymerization conditions employied in the reactor at the 
time at which such polymer sample was produced in the reactor and/or 
withdrawn from the reactor. This is especially the case when the attempted 
control of the pol)anerization process is based on the measurement of the 

1 5 melt flow rate-or in other words, the melt index— of the polymer product as 
determined according to the ASTM Test D-1238-62T. Although the melt 
flow rate or the melt index is a satisfactory control property for most solid 
polymers prepared from alpha-olefins, the time consumed in obtaining a 
polymer sample for measurement and in measuring the melt index of the 

20 sample, combines with the aforesaid holdup time of the reactor to seriously 
hamper accurate control of the polymerization process. 

Consequentiy, it is highly desirable to develop an advanced on-line 
control method for the continuous gas-phase polymerization of alpha- 
. olefins in the aforesaid substantially horizontal, quench-cooled, stirred-bed 

25 reactor, which is based on measurements in real time of polymerization 
conditions in the reactor at the same time the control is being implemented* 
Such control methods have been disclosed for use in liquid phase 
polymerization reactor sjrstems. For example. Smith et al., U.S. Patent No. 
3,356,667 discloses a method and apparatus for controlling reaction 

30 conditions of an alpha-olefin polymerization in the liquid phase in order to 
produce a solid polymer having specific properties. In addition to tiie basic 
reactor system, die apparatus disddsed as being useful in the practice of the 
disclosed method includes: means for feeding catalyst and reactant materials 
to the reactor system, means for withdrawing an effluent product stream 

35 from the reactor system, means for removing reaction heat from the reactor 
system, computing means for establishing an output control signal 
representative of the instantaneous melt index of the polymer being 
produced in the reaction mixture, a second output signal representative of 
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the averaged melt index of the polymer in the effluent product stream 
. removed from the reactor system, a third output signal representative of tiie 
average percent hydrogen in the reaction mixture within the reactor, and 
means for applying the output signal representative of the instantaneous 
5 polymer melt index to control the rate of hydrogen addition to the reactor 
system so as to yield a poljoner product having a predetermined melt, index 
based on a predetermined concentration of hydrogen in the reaction zone. 
Also disclosed are computing means for establishing an output signal 
representative of polymer production rate and associated means for 

10 controlling the rate of addition of catalyst to the reactor in response to the 
computed production rate. 

Smith et al., U-S. Patent No. 3,356,667 also discloses that both the 
instantaneous melt index value of the polymer in the reaction zone and the 
melt index value of the polymer in the effluent from the reactor can be 

1 5 determined by automatically computing these melt index values from the 
input data of various process variables of the reaction system. The computer 
inputs include concentration of hydrogen in tiie monomer feed, 
poljrmer concentration (percent solids) in the reactor system, temperature 
of the reaction mixture, <4) ^ate of flow of the monomer to the reactor, and 

20 <5) a time factor to compensate for delay. The production rate is also 
disclosed as a useful input signal. Thus, regulation of the hydrogen feed rate 
is accomplished in response to a hydrogen analysis in the feed corrected to 
indicate the hydrogai concentration in the liquid phase in the reactor. In 
addition, output signals representative of the melt indoc of the polymer in 

25 the reactor effluent and the concentration of hydrogen in the reaction liquid 
are obtained. 

The control system disclosed in the aforesaid U.S. Patent No. 3356^67 
emplojrs as a basic imit thereof a computer which is adapted to receive input 
signals representative of the flow rate of propylene fed to the reactor system, 

30 the hydrogen concentration in the propylene feed, the temperature of the 
reaction liquid in the reactor, and tiie percent solids (percent polymer) in the 
reaction mixture in the reactor. The signal representative of the flow rate of 
propylene, the signal representative of the hydrogen concentration, the 
signal representative of the temperature of the reaction contents in the 

35 reactor, the signal representative of the polymer concentration (percent 
solids), and the signal representative of production rate are transmitted to 
the computer. The computer accepts the input signals from the primary 
measurement devices and produces three principal output signals that are 
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linearly proportional to the following process variables: an output signal 
representing the concentration of hydrogen in the reaction liquid phase; (2) 
an output signal representing the instantaneous melt index of Ae polymer 
presently being produced in the reactor reaction mixture and <3) an output 
5 signal representing the integrated melt index of the polymer in the effluent 
stream remoyed from the reactor. The computer automatically combines 
the input signal to produce control output signals that are proportional to 
the instantaneous melt index, the concentration of hydrogen in the reaction 
liquid phase, and the melt index of die polymer in the reaction effluent and 

1 0 that are in response to the input signals. 

A first control output signal proportional to the melt index of tiie 
polymer being produced at any instant within the reactor (instantaneous 
melt index) is transmitted to a melt index-recording-controller. The 
computed instantaneous melt index is compared by the controller with a 

1 5 predetermined desired polymer melt index value (set point), and a signal 
representative of this comparison is transmitted to mazuptilate tiie set point 
of an analyzer-recorder-controller. By so operating, in tiie metiiod disclosed 
in the aforesaid U-S. Patent No. 3,356,667, the concentration of hydrogen in 
the reactor is maintained at a value capable of producing a pol3aner product 

20 having a predetermined melt index. 

Furthermore, Smith, U.S. Patent No. 3,614,682 discloses a method for 
the digital computer control of a polymerization process that is performed in 
a continuously operating series of stirred reactors wherein each reactor 
continuously receives discharge of the preceding reactor in the series and 

25 continuously discharges into the succeeding reactor in the series. It is 
disclosed that at stated intervals, a computer begins a cycle, the first portion 
of which is a simulation routine whereby changes, since the last simtdation, 
in important variables which take place at various points in the successive 
reactors in the train of reactors and which cannot be directiy measured are 

30 followed by periodically numericaUy integrating by a digital computer for 
eadi reactor and for each of the variables, the equation 

= V (^'"-^ ' 

35 wherein, in die terms employed in U.S. Patent No. 3,614,682, X is a process 
variable like concentration, conversion, etc., i is the first subscript of X and 
signifies that this is the ith of i variables, n is the second subscript of X and 
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signifies that this is the value of this variable in the nth one of the reactors 
in the train of reactors, F is the total volumetric flow rate, V is the voltune 
of the nth reactor, t is the time under the reaction conditions, and SX^^/St is 
the overall rate of generation or degeneration of X tmder the conditions in 
5 the nth reactor. The resulting calculated values of these variables, together 
with directly measured values of other variables, are then manipulated by 
the computer and used to adjust the rate of feed of reagents and other 
conditions of polymerization in the train of reactors. 

10 OBJECTS OFTHE INVENTION 

It is therefore a general object of the present invention to provide an 
improved method and control for the continuous, gas-phase polymerization 
of an alpha-olefin in a substantially horizontal, quench-cooled, stiired-bed 
reactor to produce solid polymer product having pre-determined properties. 

15 More particularly, it is an object of the present invention to provide a 

method for the advanced control of the aforesaid polymerization to produce 
a pol]aner product having a pre-determined melt flow rate. 

It is a further object of the present invention to provide a method for 
the advanced control of the aforesaid polymerization to produce a 

20 copolymer product of a first monomer and a second monomer having a 
predetennined content of the second monomer. 

It is a further object of the present invention to provide an improved 
aforesaid advanced control method of the aforesaid polymerization imder 
both steady state and transition conditions. 

25 It is another object of the present invention to provide an improved 

aforesaid advanced control method of the aforesaid polymerization for the 
manufacture of homopolymers, random copolymers and impact 
copolymers. 

Other objects and advantages of the present invention will become 
30 apparent upon reading the following detailed description and appended 
claims. 

SUMMARY OFTHE INVENTION 
These objects are achieved by the method of this invention for the 
35 vapor-phase polymerization of at least one alpha«olefin monomer in a 
reaction mixture comprising a first alpha-olefin monomer and, if 
copolymerization is occurring, a second alpha-ole£n monomer, comprising: 
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conducting the polymerization under poiyxnerization conditions of 
temperature and pressure in the presence of hydrogen and a catalyst system 
comprising a solid catalyst comprising a first metal and a cocatalyst 
comprising a second metal, in at least one reactor wherein in each such 
5 reactor at least a portion of the heat of polymerization is removed by 
evaporative cooling of a volatLlizable quench liquid comprising liquefied 
first monomer and, if copolymerization is occurring, liquefied second 
monomer and wherein each reactor is a substantially horizontal reactor of 
substantially circular cross-section containing a centrally^ocated drive shaft 

10 extending longitudinally through such reactor to which are attached a 
plurality of adjacently located paddles, which paddies cause essentially no 
forward or backward movement of the particulate pol3aner product 
contained in such reactor and extend transversely within and to a short 
distance from the internal surfaces of . such reactor; driving means in each 

15 such reactor for the drive shaft; one or more reactor off-gas outiets spaced 
along the topward part of eadi such reactor; a plurality of vapor recycle inlets 
spaced along the bottomward part of each such reactor for recycle of 
unreacted first monomer and, if copolymerization is occurring; unreacied 
second monomer; one or more catalyst and cocatalyst addition inlets spaced 

20 along each such reactor; a plurality of quench liquid inlets spaced along the 
topward part of each such reactor whereby quench liquid can be introduced 
into such reactor; and take-off means in each such reactor for said particulate 
polymer product at one or both ends of such reactor. 

In ttie method of the presentation invention, the performance of tiie 

25 aforesaid polymerization reaction is controlled in order to afford the 
production in each such reactor of a particulate polymer product having 
predetermined characteristics of at least one of the melt flow rate thereof and 
weight percent therein of the second monomer, if any, by a method 
comprising, for each reactor employed: (a^) determining relationships 

30 between the melt flow rate of the particulate polymer product withdrawn 
from such reactor and a first set of parameters comprising the rates of 
introduction of quench liquid and vapor recycle into each zone of such 
reactor, the heat of polymerization in such reactor, the latent heat of 
vaporization of the quench liquid in such reactor, the total mass inventory 

35 of particulate product in such reactor and, the fraction in eadi zone of such 
reactor of the aforesaid total mass inventory in such reactor, the mole ratio 
of hydrogen to the first monomer in the vapor phase in such reactor, the 
mole ratio of the second monomer to the first monomer in the vapor phase 
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in such reactor, the mole ratio of the aforesaid second metal to the aforesaid 
first metal introduced into such reactor, the molecular weights of the first 
and second monomers, and the temperature and pressure in such reactor; 
(b]) monitoring such first set of parameters; (ci) from the first set of 
5 parameters monitored in step (b^) and the relatiotiships from step (a^), 
calculating the melt flow rate of the polymer withdrawn from such reactor 
and (d|) adjusting at least one of die reactor operating variables within 
minimum and maximum constraints tiiereof to adjust the calculated melt 
flow rate of the polymer withdrawn from such reactor to a pre*determined, 

1 0 set point level therefor, wherein such reactor variables are the mole ratio of 
the second monomer to the first monomer, if copolymezization is occurring, 
in the vapor phase in such reactor in the range of from about 0.0005 to about 
0.5, the mole ratio of hydrogen to the first monomer in the vapor phase in 
such reactor in the range of from about 0.0005 to about 0.08, the mole ratio of 

1 5 the second metal to the first metal introduced into such reactor in the range 
of from about 14 to about 200, die rate of introduction of die quench liquid 
into each zone of such reactor in the range of from about 5 to about 50 
kg/ sec, the ratio of the rate of introduction of the vapor recyde to^e rate of 
introduction of quench liquid into each zone of such reactor in the range of 

20 from about 0,05 to about 0.3, and the temperature in such reactor in. the 
range of from about 20*^0 to about lOO^'C 

BRIEF DESCRIPTION QFTHE DRAWINGS 
For a more complete understanding of the present invention, 
25 reference should now be made to the embodiments illustrated in greater 
detail in the accompanjring drawings and described below by way of 
examples of the invention. In the drawings: 

FIGURE 1 is a schematic drawing of the single substantially 
horizontal, quench-cooled, stirred bed reactor and associated equipment as 
30 employed in the method of this invention for the polymerization of 
propylene to form polypropylene or for the copol3merization of propylene 
and ethylene to form a copolymer of propylene and ethylene; and 

FIGURE 2 is a plot of the calculated melt flow rates of polypropylene 
withdrawn from a reactor versus the time during the transition when the 
35 mole ratio of hydrogen to propylene is first increased from that level 
therefor at which a polypropylene product that has a melt flow rate of 3 is 
produced at steady state to that level therefor at which a polypropylene 
product that has a melt flow rate of 10 is produced at steady state. 
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It should be understood that in certain instances, details which are not 
necessary for an understanding of the present invention or which render 
other details difficult to perceive may have been omitted. It should be 
understood, of course, that the invention is not necessarily limited to be 
5 particular embodiments illustrated herein. 

DETAILED DESCRIPIION OFTHE PREFERRED EMBODIMENTS 
The present invention is a method for controlling the continuous 
gas^phase polymerization of an alpha^lefin in a substantially horizontal, 

1 0 quench-cooled stirred-bed reactor, various specific embodiments of which 
are disclosed in Shepard et al., U;S. Patent No, 3,957,448; Jezl et al., VS. 
Patent No. 3,965,083; Jezl et al., U.S. Patent No. 3,970,611; Peters et al., VS. 
Patent No. 3,971,768; Stasi, U.S. Patent No. 4,021,024; Jezl et al., U.S. Patent 
No. 4,101,289; Jezl et al., U.S. Patent No. 4,129,701; and Krdder et al., U.S. 

1 5 Patent No. 4,640,963, each of which in its entirety is specifically incorporated 
herein by reference. 

The me&od of the present invention is employed with at least one 
substantially horizontal reactor of substantially drctilar cross-section 
containing a centrally-located drive shaft extending longitudinally through 

20 each such reactor, to which are attached a plurality of adjacentiy located 
paddles, which paddles cause essentially no forward or backward movement 
of the particulate polymer product contained in such reactor and extend 
transversely within and to a short distance from the internal stu-faces of 
such reactor; driving means in each such reactor for tiie drive shaft; one or 

25 more reactor off-gas outiets spaced along the topward part of each such 
reactor; a plurality of vapor reqrde inlets ispaced along the bottomward part 
of the reactor; one or more catalyst and cocataljrst addition inlets spaced 
along each such reacton a plurality of quench liquid inlets spaced along the 
topward part of each such reactor whereby quench liquid can be introduced 

30 into each such reactor; and take-off means in each such reactor for the 
particulate product at one or both ends, preferably at one end of such reactor. 

The polymerization process using a sirigle aforesaid substantially 
horizontal reactor for manxifacturing a homopoiymer, for example, of 
propylme, and a random copolymer, for example, of propylene and ethylene 

35 is shown schematically in Figiu'e 1. In Figure 1, the vessel where the 
pol3rmerization occurs is a horizontal cylindrical reactor 10 that contains, for 
example, polypropylene powder 12, agitated by a series of flat paddles 14 
attached to a center shaft 16. The reactor 10 operates under an internal 
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prassure of about 200-400 psig and at a temperature of about SO-gCC. The 
powder level in the reactor 10 is maintained at approximately 40-60 percent 
of the total reactor level while the catalyst and cocatalyst are fed into the 
reactor 10 through one of more possible locations 18 and 20. Optionally, a 
5 modifier such as a silane modifier is also introduced in a single stream into 
the top of the reactor 10 through one or more possible locations. The reactor 
temperature is mainly controlled by means of a recycle liquid propylene 
which is sprayed at several axial locations 22 onto tiie bed. The propylene 
quench liquid is vaporized after absorbing the heat of the polymerization 

10 reaction. Recyde gas is returned to the bottom of the reactor 10 at a number 
of inlets 24. Make-up hydrogen is introduced into the suction of the recyde 
gas compressor (not shown) for melt flow rate adjustment. 

The vaporized propylene exits the reactor &rou^ two large domes 26 
that are connected to the top of the reactor 10. Hie domes 26 are designed to 

15 allow only ^mall particles (fines) to exit the reactor 10. The gases and the 
entrained polymer fines are fed to a cydone 28. The fines that are removed 
from the gas are then returned to the top of the reactor 10 as dose to the 
front as possible by means of a fines' recyde ejector 30. The gas is sent to a 
condenser 32. 

20 The reactor off-gas is then partially condensed in a horizontal 

condenser 32. The gas and liquid from the condenser 32 are separated in tiie 
overttead separator drum 34. Part of the recyde gas is vented on flow 
control to remove the propane accumulated in the system. In this manner a 
constant propylene partial pressure is kept in the reactor vapor space. The 

25 remaining gas is sU^tiy superheated in the recyde gas heater (not shown) to 
prevent condensation before it is mixed wifli hydrogen and compressed in 
the recyde gas compressor (not shown). The majority of the stream from 
the discharge of the recyde gas compressor is returned to the reactor 10, 
while a small amount is sent to tiie reactor fines' recyde ejector 30 that 

30 returns the fines removed from the cydone 28. Fresh polymer grade 
propylene feed containing small amounts of propane impurities is fed to the 
overfiead separator drum 34 The quench liquid is returned to tiie reactor 10 
by means of a pump (not shown) that provides a constant pressure at Ae 
quench liquid nozzle inlets 22, so tiiat tiie liquid spray pattern remains the 

35 same. Polypropylene powder is disdarged periodically from the reactor 10, 
on tixne control, to a gas expansion bag filter (not shown). 

In the manufacture of random copolymers, an ethylene gas stream is 
introduced into the overhead reactor separator drum 34 as can be seen in 
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Figure 1. The ethylene gas is carried with the propylene gas that returns to 
the reactor 10 by means of the recycle gas compressor. Some ethylene will 
leave the reactor iO with the. gas that is vented to remove the accumulated 
impurities (propane and ethane). The random copolymer powder is 
5 discharged from the reactor, on time control, to a gas expansion bag filter 
(not shown). 

For the purpose of this invention, the aforesaid substantially 
horizontal, quench cooled stirred bed reactor employed in the method of 
this invention is viewed as a series of zones whereby, each sudi zone is 

1 0 characterized during non-steady state operation, in that polymer product 
particles therein have imiform properties and is preceded and succeeded by 
adjacent zones of similarly uniform properties but different from the zone 
in question. Thus, a given property of the particulate polymer product is the 
same within a zone but changes from one zone to the next. Thus, the zones 

15 are treated as continuous stirred tank reactors in accordance with the 
approadi discussed in detail in Chapter 9 entitled **Nonideal Row" on page 
253-325 in O. Levenspiel, Chemical Reaction Engineering. John Wiley & 
Sons, New York, 1972. The nimiber of zones in an aforesaid substantially 
horizontal reactor employed in the method of this invention is determined 

20 in accordance with the methods and calculations in pages 290-304 of 
Levenspiel. 

As employed herein, unless otherwise indicated, the term 
"polymerization" is intended to include both homopolymerization and 
copolymerization, and the term "polymer" is intended to include both 

25 homopolymer and copoijoner. 

The method of this invention is useful . in the stereospedfic 
. polymerization of alpha-olefins containing 3 or more carbon atoms such as 
propylene, butene-1, pentene-1, 4-methylpentene-l, and hexene-1, as well as 
mixtures thereof and mixtures thereof with ethylene. The method of this 

30 invention is particularly effective in the stereospedfic polymerization of 
propylene or mixtures thereof with ethylene or a higher alpha-olefin. 
According to the invention, highly crystalline polyalpha-olefin 
homopolymers or copolymers are prepared by contacting at least one alpha- 
olefin with the catalyst described hereinbelow under polymerization 

35 conditions. Such conditions indude polymerization temperatin-e and time, 
pressure(s) of the monomer(s), avoidance of contamination of catalyst, the 
use of chain transfer agents to control polymer molecular weights, and other 
conditions well known to persons skilled in the art 
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In the method of the present invention, poiymerization should- be 
carried out at temperatures sufficiently high to ensure reasonable 
polymerization rates and to avoid xmduly long reactor residence times, but 
not so high as to result in the production of unreasonably high levels of 
5 stereorandom products due to excessively rapid polymerization rates. 
Generally, temperatures range from about 0° to about 120**^ with a range of 
from about 20''C to about SS^'C being preferred from the standpoint of 
attaining good catalyst performance and high production rates. More 
preferably, polymerization according to this invention is carried out at 

1 0 temperatures ranging from about SOKl to about 

Alpha-olefin poi3anerization according to this invention is carried 
out at monomer pressures of about atmospheric or above. Monomer 
pressures should not be below the vapor pressure at the polymerization 
temperature of the alpha-olefin to be polymerized, and generally monomer 

15 pressures range from about 20 to about 600 psL 

The amotmt of the catalyst or catalyst component to be employed in 
the method of this invention varies depending on dioice of reactor size, 
monomer to be polymerized, the specific catalyst used, and other factors 
known to persons of skill in the art. Typically, a catalyst or catalyst 

20 component is used in amounts ran^g from about 0.2 to 0.02 milligrams of 
catalyst to gram of polymer produced. 

The Ziegler catalysts to be used in the preparation of polyolefins 
according to the present invention generally contain two major 
ccmippnents: (a) a compound of a transition metal belonging to Group IV to 

25 VI in the Mendelejeff s periodic table, and (b) an organometallic compound 
or hydride of a metal belonging to Group I to HI in the periodic table. 
Especially preferred are those that contain as the major constituent a 
titanium or vanadium halide, and an organoalimiinum compoimd. The 
components (a) and (b) may be supported on a carrier or may be denatured 

30 with a denaturing agent such as an dectron donor. As the Ziegler cataljrsts 
in the present invention, there may be employed those disclosed, for 
example, in U.S. Patent Nos. 3,257,332; 3,826,792; 3,113,115; 3,546,133; 
4,125,698; 4,071,672; 4,071,674; 3,642,746; 3,051,690 and 3,058,963, and British 
Patent No. 1,140,649. 

35 While a wide variety of organometallic systems or solid catalysts can 

be employed for the polymerization of olefins, particularly propylene, to 
solid pol3m:iers, it is often preferred to use a catalyst which includes a 
combiiuition of an aluminum alkyl and a titanium halide, preferably a 
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dialkyl aluminum chloride or bromide, including mixtures of the two 
halides, in which the alkyl groups have from 1 to 12 carbon atoms each and 
a titanium chloride. The catalyst system most preferred is a mixture of 
diethyiaiuminimi chloride and a titanium chloride complex. The titanixmi 
5 chloride complex is preferably an aluminimi-reduced titanium tetrachloride 
formed by reacting alumintun with titanium tetrachloride. The preferred 
aluminum-reduced Tia4 <^ ^ described as being of the composition TiQ^" 
XAICI3 in which % is a number in the range of 0.1 to 1.0. A convenient 
method for the preparation of such a material is by reduction of titanium 

10 tetrachloride with metallic alxxminum according to the formula 3Tia3- 
Aia3. This reaction is generally carried out at an elevated temperature, for 
example, a temperature in the range 300 to 6S0*T., preferably 375* to 450T. 

In general, the catalysts which are most useful to the process described 
herein are those which are very active and give a high yield on catalyst. 

15 Included in this group are cocatalysts composed or organometallic 
compounds of Periodic Groups lA, IIA and niA and catalysts which are based 
on transition metal compounds. Aluminum alkyl compound cocatalysts 
are especially preferred and may be a trialkylaluminum or an 
alkylaluminiun halide such as a diaUcylalxmiinxun chloride. The transition 

20 metal catalyst can be a metal compound of Group IV or Group V such as a 
titaniimi or vanadiiun compoimd, a compound of Group VI such as 
chromium or molybdenum oxide or may be one of the above catalysts 
supported on a magnesiimi«based support or a support such as alimiina, 
silica, or silica-alumina. The preferred catalysts and cocatalysts are the 

25 aforesaid high yield catalysts. By hig^ yield is meant catal)rsts and cocatalysts 
the residues of which do not have to be removed from the products of the 
polymerization process. 

More particularly, the catalyst system employed herein comprises the 
catalyst or catalyst component described hereinbelow and a cocatalyst 

30 component comprising a Group HA or IHA metal alkyl. Group HA and lEA 
metal alkyls that are suitable for use as such cocatalyst component are 
compounds of the formula MR,„ wherein M is a Group IIA or lEA metal, 
each R is independentiy an alkyl radical of 1 to about 20 carbon atoms, and m 
corresponds to the valence of M. Examples of useful metals, M, indude 

35 magnesium, caldvun, zinc, cadmitmi, alumimmi, and gallitun. Examples of 
suitable alkyl radicals, R, indude methyl, ethyl, butyl, hexyl, decyl, tetradecyl, ' 
and eicosyl. From the standpoint of catalyst component performance, 
preferred Group IIA and lEA metal alkyls are those of magnesium, zinc, or 
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aluzninuxn wherein the alkyl radicals contain 1 to about 12 carbon atoms. 
Specific examples of such compoimds include Mg(CH3)2, Mg(C2H5)2, 
Mg(C2H5)(C4H9), Mg{C4H9)2, MgiC^^^h^ Mg(Ci2H25)2. 2iilCHs>2^ Zii{C2H^)2, 
Zn(C4H9)2, Zn(C4H9) (C8H17). ZniC^^^)2, ZaiC^is)^, and Al(Ci2H25)3. 
5 More preferably a magnesitmi, zinc, or almninum alkyl containing 1 to 
about 6 carbon atoms per alkyl radical is used. Best results are achieved 
through the use of tiialkylalumxnums containing from 1 to about 6 carbon 
atoms per alkyl radical, and particularly trimethylaluminum/ 
triethylalimiinum and triisobutylaluminum, or a combination thereof. If 

10 desired, metal alkyls having one or more halogen or hydride groups can be 
employed, such as ethylaluminum dichlpride, diethylaluminimi chloride, 
ethylaluminum sesquichloride, diethylaluminum hydride, 
diisobutylaluminum hydride, and the like 

In addition to the catalyst or catalyst component described 

15 hereinbelow and aforesaid cocatalyst component, the catalyst system 
employed in the method of the present invention t]rpically includes an 
aliphatic or aromatic organosilane compound. A suitable class of 
organosilane comprises either (1) Ri(R2)xSi(OR4)y (ORs)^ wherein R| and R2 
are the same or different and are eadi isopropyl, isobutyl, seo-butyl, t-butyl, 

20 isopentyl, t-pentyl, neopentyl, phenyl, tolyl, naphthyl, or cycloC(R3)2„.i^ 
wherein cydoC is a cydobutyl, cydopentyl or cydohexyl cydoaliphatic ring 
attached to the silicon atom and R3 is hjrdrogen or an alkyl group having 
from 1 to 5 carbon atoms and is a substituent to the cydoaliphatic ring, and 
wherein n is 4, 5 or 6 when the cydoaliphatic ring is cydobutyl, cydopentyl 

25 or cydohexyl, respectively, wherein R4 and R5 are the same or different and 
are each methyl, isopropyl, or sec- or t-butyl, and, wherein y is 1, 2 or 3, z is 0 
or 1, y+2 is 2 or 3, aiid X is 3-(y+2). Preferably, z is 0, y is 2, R4 is methyl or t- 
butyl, X is 1 and R| and R2 are the both isopropyl, isobutyl, t-butyl, isopentyl, 
t-pentyl, or neopentyl. Typically, the silane employed as an external 

30 modifier in the method of fius invention is diisopropyldimetiiox3rsilane, 
diisobutyldimethoxysilane, di-t-butyldimethoxysilane, t- 
butyltrimethoxysilane, diisopentyldimethoxysilane, di-t- 
pentyldimethoxysilane, dineopentyl- dimethoxysilane, 
neopentyltrimethoxysilane, isobutylisopropyl- dimethoxysilane, isobutyl-t- 

35 butyldimethoxysilane, and iso-propyl-t-butyldimethox)rsilane and di-p- 
tolyldimethoxysilane. Preferably, the silane employed as an external 
modifier is diisopropyldimethoxysilane or di-t-butyldimethoxysilane. 
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The aforesaid silane is present in ti\e catalyst system employed in the 
method of this invention at a molar ratio of the metal in the cx>catalyst to 
silane in the range of from about 1, preferably from about 3, to about 50, 
preferably to about 30. 
5 Thus, a tjrpical catalyst system for the polymerization or 

copolymerization of alpha-olefins by the metiiod of this invention is formed 
by combining the supported titanium-contaiiung catalyst or catalyst 
component described hereinbelow and an aforesaid alkyl aluminum 
compound as catalysts, together with the aforesaid silane. Typically, tiseful 

1 0 aluminum-to-titanitun atomic ratios in such catalyst systems are about 10 to 
about 500 and preferably about 30 to about 400. Typical alumintmi-to-silane 
compoimd molar ratios in such catalyst sjrstems are about 3 to about 30. 

Titanium-containing catalyst components that are especially useful in 
this invention are supported on hydrocarbon-insoluble, magnesium- 

15 containing compoimds which are optionally in combination with axi 
electron doiior compotmd as an internal modifier. Such supported, 
titanium-containing olefin polymerization catalyst component typically is 
formed by reacting a titanitmi <IV) halide, a magnesium-containing 
compound, and optionally an organic electron donor compound. 

20 Optionally, as described hereinbelow, such supported titanium-containing 
reaction product may be further treated or modified by comminution or 
furtiier chemical treatment with additional electron donor or Lewis add 
species. 

Suitable magnesium-containing compoxmds include magnesium 
25 halides; a reaction product of a magnesiiun halide such as magnesium 
chloride or magnesiimi bromide with an organic compoimd, such as an 
alcohol or an organic add est^, or with an organometallic compound of 
metals of Groups I-ni; magnesiimi alooholates; or magnesitun alkyls. 

One possible magnesium-containing compound, described in U.S. 
30 Patent No. 4;277,370, is based on at least one magnesium alcoholate whidi 
may be pretreated witii at least one modifier such as a mineral add or 
anhydride of sulfur, organometallic, chaloogenide derivative of hydrogen 
sulfide, and organic adds and esters thereof. Sudi magnesium-containing 
compound may be the pretreatmmt product of at least one magnesium 
35 alcoholate, at least one Group n or niA metal alkyl and, optionally, at least 
one modifier such as a mineral add or an anhydride, sulfur, organometallic 
chalcogenide derivatives of hydrogen sulfide, organic adds and organic add 
esters. Solid magnesitun alkoxide may be milled prior to further treatment 
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In another catalyst component, magnesium ethoxide may be reacted with an 
aromatic ester such as phenyl benzoate prior to further treatment with a 
Lewis add. 

Another possible catalyst component is described in U.S. application 
5 Serial No. 674,966, filed December 26, 1984, assigned to a common assignee, 
which is incorporated by reference herein. The catalyst component described 
therein is prepared by complexing a magnesium alkyl composition with a 
specific class of hindered aromatic ester such as ethyl 2,6-dimethylben2oate 
followed by reaction with a compatible precipitation agent such as silicon 

10 tetrachloride and a suitable titanixmi (IV) compoimd in combination with 
an organic electron donor compound in a suitable diluent. 

Another possible, and preferable, catalyst component is described in 
U.S. Serial No. 875,180, filed June 17, 1986, which is a continuation-in-part to 
U.S. appUcation Serial No. -741,858, filed June 6, 1985, which was a 

1 5 continuation-m-part to U.S. appUcation Serial Nos. 629,910, filed July 9, 1984, 
and 592,910, filed March 23, 1984, now the above-described U.S. Patent No. 
4340,679, all of which are assigned to a common assignee and are 
incorporated by reference herein. 

The possible solid catalyst components listed above are only 

20 illustrative of many possible solid, magnesium-containing, titanium halide- 
based, hydrocarbon-insoluble catalyst components useful in this invention 
and known to the art. This invention is not limited to a specific supported 
catalyst or catalyst component. 

Titanium (IV) compounds useful in preparing the solid titanium- 

25 containing catalyst component of invention are titaruum halides and 
haloalcoholates having 1 to about 20 carbon atoms per alcoholate group. 
Mixtures of titanium compoimds can be employed if desired. Preferred 
titanium compounds are the halides and haloalcoholates having 1 to about 
8 carbon atoms per alcoholate group. Examples of such compoimds include 

30 TiCl4, riBr4, ri(OCH3)a3, Ti(CX:2H5)Cl3, Ti(OG4H9)Cl3, Ti(OC6H5)Cl3, 
Ti(OC6Hi3)Br3, Ti(OCgH,7)Cl3, Ti(OCH3)2Br2, Ti(OC2H5)Cl2. 
Ti(OCH6Hi3)2,Cl2, Ti(OC8H|7)2Br2, Ti(OCH3)3Br, Ti(OC2H5)3Cl, 
. Ti(OC4H9)3Cl, Ti(OC6Hi3)3Br, and ri(OC8Hi7)3Cl. Titanium tetrahaUdes, 
particularly titaniiun tetrachloride (Tia4), are most preferred. 

35 Organic electron donors useful as internal modifiers in preparation of 

stereospedfic supported titanium-containing catalyst components many 
times can be organic compounds containing one or more atoms of oxygen, 
nitrogen, sulfur, and phosphorus. Such compounds include organic adds, 
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organic add esters, alcohols, ethers, aldehydes, ketones, amines, amine 
oxides, amides, thiols and varioias phosphorous add esters and amides, and 
the like. Mixtures of organic electron donors can be used if desired. Specific 
examples of useful oxygen-containing electron donor compounds indude 
5 organic adds and esters. Useful organic adds contain from 1 to about 20 
carbon atoms and 1 to about 4 carboxyl groups. 

Preferred titanium component electron donor compoimds as internal 
modifiers indude esters of aromatic adds. Preferred organic electron donors 
are C^^C^ alkyl esters of aromatic mono- and dicarboxylic adds, and halo- 

1 0 gren% hydroxy!-, oxo-, alkyl-, alkoxy-, aryl-, and arylbxy-substituted aromatic 
mono- and dicarboxylic adds. Among , these, the alkyl esters of beiizoic and 
halobenzoic adds wherein the alkyl group contains 1 to 6 carbon atoms, such 
as methyl benzoate, methyl bromobenzoate, ethyl benzoate, ethyl 
chlorobenzoate, ethyl bromobenzoate, butyl benzoate, isobutyl benzoate, 

1 5 hexyl benzoate, and cydohexyl benzoate, are preferred. Otiier preferable 
esters indude ethyl p-anisate and methyl-p-tdluate. An especially prefierzed 
aromatic ester is a dialkylphfludate ester in which tiie alkyl group contains 
from about two to about ten carbon atoms. Examples of preferred phthalate 
ester are diisobutylphthalate, ethylbutylphthalate, diethylphthalate, and di- 

20 n-butylphthalate. 

The electron donor component that may be used as internal modifiers 
in preparation of the solid catalyst component is used in an amotmt ranging 
from about 0.001 to about 1.0 mole per gram atom of titanium, and 
preferably from about 0.005 to about 0.9 mole per gram atom. Best results are 

25 achieved when this ratio ranges from about 0.01 to about 0.8 mole per gram 
atom of titanixmi. 

Although not required, the solid reaction product prepared as 
described herein may be contacted wiA at least one liquid Lewis add prior to 
polymerization. Such Lewis adds useful according to this invention are 

30 materials which are liquid at treatment temperatures and have a Lewis 
addity high enough to remove impurities such as uxureacted starting 
materials and poorly affixed compoimds from die surface of the above- 
described solid reaction product Preferred Lewis adds indude halides of 
Group m-V metals which are in the liqiiid state at temperatures up to about 

35 lyO'^C. Specific examples of sudi materials indude Bd^, AlBi^ TiCl^, TiBt^ 
SiCl4, Gea4, Sna4, Td^ and SbQs. Preferable Lewis adds are TiCl4 and 
SiCl4. Mixtures of Lewis adds can be employed if desired. Such Lewis add 
may be used in a compatible diluent 
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The method of diis invention for controlling the performance of &e 
aforesaid pol)rmerization reaction in order to afford the production of a 
particulate polymer product having predetermined characteristics of at least 
one of the melt flow rate thereof and the weight percent therein of flie 
5 second monomer, if any, comprises, for each reactor employed: 

(a|) determining relationships between the melt flow rate of the 
particulate polymer product withdrawn from such reactor and a first set of 
parameters comprising the rates of introduction of quench liquid and vapor 
recycle into each zone of such reactor, the heat of polymerization in such 

10 reactor, the latent heat of vaporization of the quendi liquid in such reactor, 
the total mass inventory of particulate pol3aner product in such reactor and 
the fraction in each zone of such reactor of the aforesaid total mass 
inventory in such reactor, the mole ratio of hydrogen to the first monomer, 
preferably propylene, in the vapor phase in such reactor, the mole ratio of 

15 the second monomer, preferably ethylene, to the first monomer, preferably 
propylene, in the vapor phase in such reactor, the mole ratio of the aforesaid 
second metal to the aforesaid first metal introduced into such reactor, tiie 
molecular weights of the first and second monomers, the relative 
reactivities of the first and second monomers in the formation of the 

20 copolymer if copolymerization occurs, and the temperature and pressure in 
such reactor; (b^) monitoring such first set of parameters; (c^) from the first 
set of parameters monitored in step (b^) and the relationships firom step (a^), 
. calculating the melt flow rate of the polymer withdrawn from such reactor; 
and (di) adjusting at least one of the reactor operating variables within 

25 minimum and maximum constraints thoreof to adjust the calculated melt 
flow rate of the polymer withdrawn from such reactor to a pre-determined, 
set point level therefor, wherein such reactor variables are the mole ratio of 
the second monomer to the first monomer, if copolymerization is occurring, 
in the vapor phase in such reactor in the range of from about 0.0005 to about 

30 0^, preferably for random copolymers from about 0.004 to about 0.03, and 
preferably for impact copolymers from about 0.2 to about 0.4, the mole ratio 
of hydrogen to tiie first monomer in tiie vapor phase in such reactor in tiie 
range of from about 0.0005, preferably from about 0.002, to about 0.08, 
preferably to about 0.04, the mole ratio of flie second metal to the first metal 

35 introduced into such reactor in the range of from about 14, preferably from 
about 60, to about 200, preferably to about 120, the rate of introduction of the 
quench liquid into each zone of such reactor in the range of from about 5 
kg/sec, preferably from about 15 kg/sec, to about 50 kg/ sec, preferably to 



wo 93/24533 



PCT/US93/0S051 



-19- 

about 35 kg/ sec, the ratio of the rate of introduction of the vapor recycle to 
the rate of introduction of quench liquid into each zone of such reactor in 
the range of from about 0.05/ preferably from about 0.1, to about 0.3, 
preferably to about 0.2, and the temperature in each reactor in the range of 
5 from about 20^C, preferably from about SO^'C, to about lOO^C/ preferably to 
about SO^^C. 

Preferably, the method of the present invention additionally 
comprises, for each reactor employed: .(a2) determining relationships 
between the weight percent of Ae second monomer in the particulate 

10 copol)rmer product, if copolymerization occurs, withdrawn from such 
reactor and a second set of parameters comprising the rates of introduction 
of quench liquid and vapor recycle into each zone of such reactor, the heat of 
polymerization in such reactor, the latent heat of vaporization of the quench 
liquid in such reactor, the total mass inventory of particulate product in 

1 5 such reactor and the fraction in each zone of such reactor of the aforesaid 
total xhass inventory in such reactor, the mole ratio of second monomer to 
the first monomer in the vapor phase in such reactor, the relative 
reactivities of the first and second monomer in the formation of the 
copolymer, and the molecular weights of the first and second monomers; 

20 (b2) monitoring such second set of parameters; (C2) from the second set of 
parameters monitored in step (b2) and the relationships from step (a2), 
calculating the weight percent of the second monomer in the copolymer 
product withdrawn from sudt reactor; and (d2) adjusting at least one of tiie 
reactor operating variables within minimum and maximum constraints 

25 thereof to adjust the weight percent of second monomer in die copoljoner 
withdrawn from such reactor to a pre-determined level therefor, wherein 
such reactor variables are the mole ratio of the second monomer to the first 
monomer in the vapor phase in such reactor in the range from about 0.0005 
to about 0.5, preferably for random copolymers from about 0.004 to about 

30 0.03, and preferably for impact copolymers from about 0.2 to about 0.4, the 
rate of introduction of tiie quench liquid into each zone of such reactor in 
the range of frcmi about 5 kg/secr preferably from about 15 kg/sec, to about 50 
kg/sec, preferably to about 35 kg/sec^ and the ratio of the rate of introduction 
of the vapor recycle to the rate of introduction of quench liquid into each 

35 zone of such reactor in the range of from about 0.05, preferably from about 
0.1, to about 03, preferably to about 02. 

In its most preferred embodiment, the method of the present 
invention for controlling the performance of the aforesaid polymerization 
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reaction comprises, for each reactor employed: (a3) determining the 
temperature and pressure in such reactor; (h^) determining tiie mole ratios 
of 

(1) hydrogen to the first monomer in the vapor phase in such 
5 reactor, 

(2) the second monomer to the first monomer in the vapor phase 
in such reactor, and 

(3) the aforesaid second metal to the aforesaid first metal 
introduced into sudi reacton 

10 (C3) deternuning the rates in parts by weight per unit of time of the 
introduction of each of the quench liquid and the vapor recyde into each 
zone of such reactor; (d3) determining the rate of production of the 
particulate poljmner product in each zone of such reactor as follows: 

^= 1+Hp/Hv 

wherein the subscript Z is the number of the zone and ranges from 1 to N, 
R2 is the production rate of the particulate polymer product in zone Z^L^is 
the rate of introduction of tiie quench liquid into zone Z, is the rate of 
introduction of the vapor recycle into zone Z, Hp is the heat of 
polymerization in zone Z, and Hy is the latent heat or vaporization of tiie 
quench liquid in zone Z; (63) determining the mass inventory of particulate 
poi3aner product in each zone of such reactor from the fraction in each such 
zone of the total mass inventory of particulate polymer product in such 
reactor and the total mass inventory of particulate polymer product in such 
25 reactor, as follows: 

= fj W , IEqution2) 

. wherein W is the aforesaid total niass inventory in such reactor, f^ is the 
aforesaid fraction in the zone Z in such reactor, and W2 is the aforesaid mass 
inventory in such zone Z; (f3) deternuning tiie time constant for each zone 
30 of each reactor, as follows: 



20 



z • 

2 (Equations) 
Zai 
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wherein is the time constant in zone 2; 

(gs) for the particulate polymer product being produced instantaneously 
within such reactor at any instant of steady-state or transition operation, 
determining at least one of the instantaneous melt flow rate thereof or the 
instantaneous weight percent of the second monomer therein as follows: 



tjOl/D <MM)|>) 



'i IMW\^* aun ((MW,) * (MW„)) *w,mm^mv/,) 



(Equation 4) 
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(n/1) + (ii/i) 



))(mw,) 



(r^ ra/D^ + (n/i)) (m Wi) + ( tn/n) (m w„) 

(Equations) 



where MFRj is the instantaneous melt flow rate of the polymer product 
being produced in such reactor at that instant, Wt.%IIi is the instantaneous 
weight percent of the second monomer, if any, in tiie polymer product being 
produced in such reactor at that instant, T is the temperature in degrees 
centigrade, H2/I is the mole ratio of hydrogen to the first monomer m tiie 
vapor phase in such reactor, M2/M1 is tiie mole ratio of the aforesaid second 
metal to the aforesaid first metal introduced into such reactor, n/I is the 
mole ratio of the second monomer to the first of the first monomer, MWi^ 
is the molecular weight of the second monorher, monomer in the vapor 
phase in such reactor, MW| is the molecular weight of the first monomer, J 
is the fraction of an impact copolymer that is represented by the random 
copol3rmer component thereof, and a, P, y, 5, r^, r2 and are catalyst and 
reactor system - dependent constants which are determined from 
experimental data; 

(h3) determining the value of X for the polymer product withdrawn from 
the last zone N of such reactor, as foUows: 
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x" «( — ^ — ) 



R 
R 

2 el 



At 



(Equation 6) 



wherein N is the number of die last zone in such reactor, N-l is the number 
g of the preceding zone, x'J is the value of the ]n(MFRt) or Wt.%nt, from 

zone N at time t. At is the sampling time interval, Xj is the instantaneous 
value of the /n(MFRi) or Wt.%ni determined in Equations 4 or 5, 
respectively, x^.^^ is the calculated value of X for the same zone N but for 

the immediately preceding sampling interval and x"^^ is the calculated 
1 0 value of X for the same sampling interval but for zone N-l; 

(is) determining the difference between x"! for KIFRt or Wt.%n", 

calculated in Equation 6 and the predetermined set point value ttierefbr and 
in response to the determined difference, adjusting 

(1) at least one of the temperature, H/I, H2/I, Mj/Mj, or C^/l^ 



(2) 



for MFRt ,or 
at least one of the E/I, Lj, or Gz/Lg for Wt.%n" ; 



in order to reduce the difference to a pre-determined acceptable level 
therefor. 

When two reactors in series are employed, the zones for the first 
reactor are numbered starting with Z = 1 for zone 1, and flie zones for the 
second reactor are numbered starting with the next integer after the number 
of the last zone in die first reactor. Thus, N is the number of the last Z(»ie in 
the last reactor in tiie series of reactors. 

Equations 1-6 are applicable to systems involving the use either of one 
reactor for tiie polymerization of a single monomer, preferably propylene, to 
produce a homopolymer or for fhe polymerization of two monomers, 
preferably propylene and ethylene, to provide a copolymer, or of two 
reactors in series in which a first monomer, preferably propylene, is 
polymerized in the first reactor to produce a homopolymer which is then 
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transfeiTed to a second reactor where a random cc^iymer is formed into 
the aforesaid homopolymer by oopolymerization of the first monomer, 
preferably propylene with a second monomer, preferably ethylene, to afford 
an impact copolymer. 

When only a single reactor is employed for the formation of either a 
homopolymer. or a random copolymer. Equations 4 and 5 simplify to the 
following Equations 7 and 8, respectively: 



10 



'a (mvO + OI/D Wi) + (MVItj^ 



(EqnatiimT) 



wt %n 



100 



(n/i) 



(mw,) 



rj (mWi) + ai/D^(M W,) + (m Wi)) 

CEqnatUmS) 

15 When only a single reactor is employed for the formation of a 

homopolymer. Equation 7 simplifies to Equation 9: 



20 



25 



i„(MFRi) =a - ^ + Yi« + 5(. 



Ml 



(Eqnalion9) 



For the purpose of making the aforesaid calculations, the 
p)olymeiization temperature can be measured by means of thermocouples or 
RTD, the polymerization pressure can be meastved by means of a pressure 
transducer, the nimiber of moles of hydrogien, the first monomer and the 
second monomer in the vapor phase in the reactor can be determined by gas 
chromatographic analysis of vapor wi&drawn from the reactor, the number 
of moles of the first and second metals introduced into the reactor can be 
determined by flow meters located inttie respective lines into dte reactor 
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and the composition of die catalyst and cocatalyst being introduced; the mass 
inventory of the reactor can be determined from empirical correlations from 
the direct proportionality of the total mass inventory W in the reactor to the 
amperage required to drive the drive shaft in the reactor or other 
5 convenient conventional instrumentation, and the rates of introduction of 
the quench liquid and vapor recyde into the reactor can be determined by 
flow meters for the respective lines to the reactor. 

The values of Hp and Hy in a particular reactor depend on the specific 
temperature, pressure, and type of polymerization reaction occurring in tiiat 

1 0 reactor. For examplie, when a homopolymer of propylene is being formed. 
Hp is 24.9 kcal/mole, and propylene is typically employed as the quench 
liquid and has an Hy of 3 kcal/mole. When a copolymer of propylene and 
ethylene is being formed. Hp depends on the specific composition of the 
copolymer being formed and is typically 24.9-25-4 kcal/mole, and a mixture 

15 of propylene and ethylene is typically employed as the quench liquid and has 
an Hy which depends on tiie relative amoimts of propylene and etiiylene 
and is typically 3-4 kcal/m!ol& 

The values of a, y, 5, r, r2 and in Equations 4-9 for 
homopolymers, random copolymers and impact qopoljoners are presented 

20 in Table 1. 



TABLE 1 



Coefficient 


Homopolymer 


Random 
Copolymer 


Impact 
Copolymer 


a 


16-19 


16-19 


16-19 


P 


4000-7000 


4000-7000 


4000-7000 


Y 


0^1j6 


0.9-1.6 


0.9-1.6 


5 


1.0x10-4. 


1.0x10-4- 


1.0xlO< 




5.0x10^ 


5.0x10-4 


5.0x10^ 


ri 


. 0 


0.1 -03 


0.1 -OJ 


'2 


0 


0 


1.0-5.0 


'3 


0 


0 


0.0-1.0 



25 From the aforesaid measurements* constants and relationships, 

Vfz and Xx ^or each zone in a particular reactor are determined using 



wo 93/24533 



PCT/US93/050S1 



-25- 

Equations 1, 2 and 3, respectively and then the instantaneous value of at 
least one of /nMFRj or Wt.%IIi is then calculated for such reactor using 
Equations 4 or 5, respectively. These values are thai inserted in Equation 6 

N 

to calculate the value of Xj for the particulate polymer product wAdrawn 

N 

g from such reactor. can be either ln(MFRi) or Wt%ni. 

The value of the property calculated in Equation 6 is then compared 
to a pre-determined, set point value for that property, and in response to the 
difference between the calculated and pre-determined, set point values of 
that property, an adjustment is made to reduce sudi difference to or below 
10 an acceptable level therefor. Typically, the adjustment is determined by a 
proportional integral controller or a proportional integral derivative 
controller. 

The operating variables to be adjusted depend upon the identity of the 
property being controlled. In particular, when the adjustment is to be made . 

15 in response to the difference between the calculated and pre-determined set 
point values of the melt flow rate, at least one of temperature, H2/I, n/I, 
Mn/Mj, Lj or Gj/Lj, preferably H2/I or Mn/Mj, and more preferably H2/I, is 
adjusted in order to reduce or minimize the difference. For example, to 
increase the melt flow rate, the ratio H2/I is increased. When the 

20 adjustment is to be made in response to the difference between the 
calculated and pre-determined set points values of the Wt%II, at least one of 
n/I, L2 or Gj/Lz, preferably n/I, is adjusted in order to reduce or minimize 
the difference. For example, to increase the Wt%n, while maintaining the 
MFR at a constant value, n/I is increased and H2/I is decreased. 

25 Equations 1 and 6 were derived from mass and energy balances 

around each zone of each reactor. Equations 2 and 3 are definitions, and 
Equations 4 and 5 were derived from a kinetic model of the polymerization 
process. Equations 1-6 iUustrate the relationships, for each reactor 
employed, between (a) the melt flow rate of the particulate polymer 

30 (homopolymer or copolymer) product withdrawn from such reactor and (b) 
a first set of parameters comprising the rates of introduction of quench 
liqmd and vapor recycle into each zone of such reactor, the heat of 
polymerization in such reactor, the latent heat of vaporization of the quench 
liquid in such reactor, the total mass inventory of particulate product in 

35 such reactor and the fraction in each zone of such reactor of the aforesaid 
total mass inventory in such reactor, tiie mole ratio of hydrogen to the first 
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monoiner in the vapor phase in such reactor, the mole ratio of the second 
monomer to the first monomer in the vapor phase in such reactor, the mole 
ratio of the aforesaid second metal to the aforesaid first metal introduced 
into the reactor, the molecular weights of the first and second monomers, 
5 the relative reactivities of the first and second monomers in the formation 
of the copol)rmer, if copolymerization is occurring, and the reactor 
temperature and pressiire. 

Equations 1-6 also illustrate the relationships for each reactor 
employed, between (a) flie weight percent of the second monomer in die 

1 0 particulate copoljoner withdrawn from such reactor, if copolymerization is 
occurring, and (b) a second set of parameters comprising the rates of 
introduction of quench liquid and vapor recycle into each zone of such 
reactor, the heat of polymerization in such reactor, the latent heat of 
vaporization of the quench liquid in such reactor, the total mass inventory 

1 5 of particulate product in such reactor and the fraction in each zone of such 
reactor of the aforesaid total mass inventory in such reactor, the mole ratio 
of second monomer to the first monomer in the vapor phase in such 
reactor, the relative reactivities of the first and second monomers in the 
formation of the copolymer, if copolymerization is occurring, and the' 

20 molecular weights of the first and second monomers. 

Measurable values of l^, G2, W, f^, T, H2, 1, n, and Mn, reported or 
determined values of Hp, Hy, MW] and MW^, and empirically determined 
values of a, p, 7, 5, r^, 12 and r3 are insierted in Equations 1-5 in order to 
deterniine values of R^, and and values of the instantaneous MFR 

25 and Wt%n for each zone of such reactor. These values are tfien inserted in 

Equation 6 to calculate the value of the property Xj for the particulate 

N 

polymer product withdrawn from the reactor. can be either 
ln(MFR\) or Wl.%n" 

Thus, for a single reactor having four zones, In(MFRi) is calculated as 
30 follows: 
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3 



However, solving Equation (10) involves calculating the 
instantaneous value of InCMFR^} for 2one 3 of the reactor, which in turn 
necessitates calculating the instantaneous values of in (MFRt) for each of 
5 zones 1 and 2, as follows: 



For zone 3 



in (MFR^)« -r^ 



V X3+At 



2 

£ 



I R / V S R / 



z »1 



z -1 



\X3+At/ 



(Equation ID 



10 



For zone 2 



At 



z 

s 



(Equation 12) 
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Forzonel 



(EqnatioBU) 

When, for example, two reactors in series are employed, the 
calculations illustrated by Equations 1-6 must be made for each reactor. For 
example, in the manufacture of an impact copolymer of propylene and 
ethylene, the first reactor is employed to polymerize propylene to fonn a 
homopolymer of propylene, which is then transferred to the second reactor 
where a random copolymer of propylene and ethylene is formed in the 
presence of and into the homopolymer from the first reactor. In such case, 
for the first reactor. Equation 4. simplifies to Equation 9, and Equation 5 is not 
appUcable. Thus, the results from Equations 1-3 and 9 are employed in 
Equation 6 to calculate In (MFbJ) for the particulate homopolymer product 

1 5 produced in and withdrawn fi-om the first reactor. For the second reactor, 
the results of Equation 1-4 are employed in Equation 6 to calculate 
/n(MFRt) for the random copolymer segment produced in and withdrawn 

from the second reactor. For the second reactor, the zones are numbered 
starting with the next integer after the number of the last zone in the first 
20 reactor. Ihus, N is tiie number of the last zone in tiie second reactor. 

The /n(MFRt) for the composite impact copolymer is the weighted 

sum of the /n(MFR) of the polymer segment formed in each reactor. With J 
being the fraction of the impact copolymer represented by the random 
segment produced in the second reactor, 1-J is the fraction of the impact 
25 copolymer represented by the homopolymer segment produced in the first 

w 

reactor. Thus, /nCMFRj) of the impact copolymer is the sum of (D the 
product of (1-J) multiplied by the value of i n(MFR|) for the first reactor and 
<2) the product of J multiplied by the value of in(MFlC) for the second 

reactor. By contrast, the value of WL%n for an impact copolyma is 
determined directly from Equations 1-3, 5 and 6 for the second reactor. 

Turning now to Figure 2 for an illustration of an important benefit of . 
the method of the present invention, being a simulation involving a single 



wo 93/24533 



PCT/US93/05051 



-29- 

substantially horizontal, quench cooled, stirred bed reactor containing four 
aforesaid zones to make polypropylene homopolyxner. Several options for 
increasing the ratio of hydrogen to propylene from that needed to make a 
homopoljrmer grade having an MFR of 3 to that needed to make of 
5 homopolymer grade having an MFR of 10, were tested. Figure 2 contains 

4 

plots of values of in(MFRj) calculated from Equation 6 vising results from 

Equations 1-3 and 9, versus the time, meastired from the time when the 
change in the hydrogen to propylene ratio was implemented. 

In the base case (no overshoot), the aforesaid hydrogen to propylene 

1 0 ratio was increased in a conventional step diange from the value therefor 
needed to produce the polymer witii an MFR of 3 at steady state to the value 
therefor needed to produce the polymer with an MFR of 10 at steady state. 
In three other cases, the value of the aforesaid ratio was increased to a levd 
above the value thereof needed to produce polypropylene having an MFR of 

15 10 at steady state, in an effort to reduce the transition time needed to come to 
steady state. Overshoot durations of 10, 20 and 40 minutes were employed to 
illustrate that the overshoot duration must be optimized in order to achieve 
the deserved reduction in transition time from the first steady state for 
production of polypropylene having an MFR of 3 to tiie second steady state 

20 for production of polypropylene having an MFR of 10 at steady state. 
Selecting the degree of overshoot of the hydrogen to propylene ratio from 
Equation 9 as the aforesaid ratio needed to produce an instantaneous MFR of 

4 

30, calculated values of (MFR^) from Equation 6 plotted in Figure 2 illustrate 

dearly that the benefidal effect of overshooting in reducing the transition 
25 time. 

From the above description, it is apparent that the objects of the 
present invention have been achieved. While only certain embodiments 
have been set forth, alternative embodiments and various modifications 
will be apparent from the above description to those skilled in the art These 
30 alternatives are considered equivalent and within the spirit and scope of the 
present invention. 

Having described the invention, what is claimed is: 
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1. A method for the vapor-phase polymerization of at least one 
alpha-olefin monomer in a reaction mixture comprising a first alpha-olefin 
monomer and, if copoiymerization is occurring, a second alpha-olefin 
monomer, comprising: conducting the polymerization under 
5 polymerization conditions of temperature and pressure in the presence of 
hydrogen and a catalyst system comprising a solid catalyst comprising a first 
metal and a cocatalyst comprising a second metal, in at least one reactor 
wherein in each such reactor at least a portion of the heat of polymerization 
is removed by evaporative cooling of a volatilizable quench liquid 

10 comprising liquefied first monomer and if copoiymerization is occurring, 
liquefied second monomer, and wherein each reactor is a substantially 
horizontal reactor of substantially circular cross-section containing a 
centrally-located drive shaft extending longitudinally through such reactor 
to which are attached a plurality of adjacently located paddles, which paddles 

15 cause essentially no forward or backward movement of the particulate 
polymer product contained in such reactor and extend transversely within 
and to a short distance from the internal surfaces of such reactor; driving 
means in each such reactor for the drive shaft; one or more reactor off-gas 
outlets spaced along the topward part of each such reactor; a plurality of 

20 vapor recycle inlets spaced along the bottomward part of each such reactor 
for recycle of imreacted first monomer and, if copoiymerization is occurring 
unreacted second monomer; one or more catalyst addition inlets spaced 
along each such reactor; a plurality of quench liquid inlets spaced along tiie 
topward part of each such reactor whereby quench liquid can be introduced 

25 into such reactor; and takeoff means in eadi such reactor for said particulate 
polymer product at one or both ends of such reactor; 

wherein the performance of the polymerization reaction is controlled 
in order to afford the production in each such reactor of a particulate 
polymer product having predetermined characteristics of at least one of the 

30 melt flow rate thereof and the weight percent therein of the second 
monomer, if any, by a method comprising, for each reactor employed: 

(a^) determining relationships between the melt flow rate of the 
particulate polymer product witiidrawn from sudi reactor, and a first set of 
parameters comprising the rates of introduction of quench liquid and vapor 

35 recycle into each zone of such reactor, the heat of polymerization in such 
reactor, the latent heat of vaporization of the quench liquid in such reactor, 
the total mass inventory of particulate polymer product in such reactor and 
the fraction in each zone of such reactor of the aforesaid total mass. 
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inventory in such reactor, the mole ratio of hydrogen to the first monomer 
in the vapor phase in such reactor, the mole ratio of the second monomer to 
• the first mtonoiner in the vapor phase in such reactor, the mole ratio of tiie 
aforesaid second metal to the aforesaid first metal introduced into such 
5 reactor, the molecular weights of the first and second monomers, the 
relative reactivities of the first and second monomers in the formation of 
the copolymer if copolymerization occurs, and the temperature and pressure 
in such reactor; 

(b\) monitoring such first set of parameters; 

"■O (C|) from the first set of parameters monitored in step (b]) and the 

relationships from step (a^), calculating the melt flow rate of the polymer 
withdrawn from such reactor; and 

Wi) adjusting at least one of the reactor operating variables within 
minimum and niaximum constraints thereof to adjust the calculated melt 

1 5 flow rate of the polymer withdrawn from such reactor to a pre-determined 
set point level therefor, wherein such reactor variables are the mole ratio of 
the second monomer to the first monomer, if copoljonerization is occurring, 
in the vapor phase in such reactor in the range of fit)m about 0.0005 to about 
0.5, the mole ratio of hydrogen to the first monomer in the vapor phase in 

20 such reactor in the range of from about 0.0005 to about 0.08, the mole ratio of 
the second metal to the first metal introduced into such reactor in the range 
of from about 14 to about 200, the rate of introduction of quench liquid into 
each zone of such reactor in the range of fi-om about 5 kg/sec to about 50 
kg/sec, the ratio of the rate of introduction of the vapor recycle to the rate of 

25 introduction of quench liquid into each zone of such reactor in the range of 
from about 0.05 to about 0.3, and tiie temperature in such reactor in the 
range of from about 20°C to about lOO'C. 

2. The method of Qaim 1 which additionally comprises, for each 
reactor employed: 

30 (a2) determining relationships between the weight percent of the 

second monomer in the particulate polymer product, if copolymerization 
occurs, withdrawn from such reactor, and a second set of parametere 
comprising the rates of introduction of quench liquid aiui vapor recycle into 
each zone of such reactor, the heat of polymerization in such reactor, the 

35 latent heat of vaporization of the quench liquid in such reactor, the total 
mass inventory of particulate copolymer product in such reactor, and the 
fraction in each zone of such reactor of the aforesaid total mass inventory in 
such reactor, the mole ratio of second monomer to the first monomer in the 
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vapor phase in such reactor, the relative reactivities of the first and second 
monomers in the formation of the copolymer if copoiymerization occurs, 
and the molecular weights of the first and second monomers; 

(b2) monitoring such second set of parameters; 
5 (C2) from the second set of parameters monitored in step (b2) and 

the relationships from step (a2), calculating the weight percent of the second 
monomer in the copol3aner product withdrawn from such reactor; and 

(d2} adjusting at least one of die reactor operating variables wifliin 
minimtmi and maximum constraints thereof to adjust the weight perasnt of 
1 0 second monomer in the copolymer withdrawn from such reactor to a pre- 
determined, set point level therefor, wherein such reactor variables are the 
mole ratio of the second monomer to the first monomer in die vapor phase 
in such reactor in the range of from about 0.0005 to about 0.5, the rate of 
introduction of the quench liquid into each zone of such reactor in the range 
15 of from about 5 kg/sec to about 50 kg/ sec, and the ratio of the rate of 
introduction of tiie vapor recycle to the rate of introduction of quench liquid 
into each zone of such reactor in the range of from about 0.05 to about 03, 

3. The method of Claim 1 wherein, for eadi reactor employed: 

(a3) the temperature and pressure in such reactor are determined; 
20 (b3) the mole ratios of the following are determined: 

(1) hydrogen to the first monomer in the vapor phase in 
such reactor, 

(2) the second monomer to the first monomer in the vapor 
phase in such reactor, and 

25 (3) tile aforesaid second metal to the aforesaid first metal 

introduced into such reactor; 
(C3) the rates in parts by weight per unit of time of the introduction 
of each of the quench liquid and the vapor recycle into each zone of such 
reactor are determined; 
30 (d3) the rate of production of the particulate polymer product in 

each zone of such reactor is determined as follows: 

^» 1+Hp/Hv ^quationD 

wherein the subscript Z is the number of tiie zone and ranges from 1 to N, 
R2 is the production rate of the particulate polymer product in zone Z, L2 is 
35 tiie rate of introduction of the quench liquid into zone Z, is tite rate of 
introduction of the vapor recycle into zone Z, Hp is the heat of 
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polymerizatiozi in zone Z, and Hy is the latent heat or vaporization of the 
quench liquid in zone Z; 

(63) the mass inventory of particulate polymer product in each zone 
of such reactor is determined from tiie fraction in each zone of the total 
5 mass inventory of particulate polymer product in such reactor and the total 
mass inventory of particulate polymer product in such reactor, as follows: 

WjsfjW 

(£qitaticm2) 

wherein W is the aforesaid total mass inventory in such reactor, f^ is the 
10 aforesaid fraction in the zone Z in sudi reactor, and W2 is the aforesaid mass 
inventory in such zone Z; 

(fa) the time constant for each zone of such reactor is determined, 
as follows: 

1 ^ (Ecputiona) 
Z=1 

1 5 wherein is the time constant in zone Z 

(ga) at least one of the instantaneous melt flow rate and the 
instantaneous weight percent of the second monomer in ttie particulate 
polymer product being produced instantaneously wi&in such reactor at any 
instant of steady-state or transition operation is determined, as follows: 



20 



r, iWN\^* m/D ((MW,> ♦ <MW||)) ♦r, ffl/O^OklW,) 
(Eqution4) 



] 



wt%n,= iooj 



(r^ (n/i)^+ (n/i)) (mw,) 



(r, (n/i)^ + (n/i)) (m w,) + (^2 * (n/i)) (m yf^^ 

25 (EquatianS) 
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where MER|, is the melt instantaneous flow rate of Hie polymer being 
produced within such reactor at that instant, Wt^Hj; is the instantaneous 
weight percent of the second monomor in the polymer product being 
produced in such reactor at that instant, T is the temperature, H2/I is flie 
5 mole ratio of hydrogen to the first monomer in the vapor phase in such- 
reactor, M2/M1 is the mole ratio of the aforesaid second metal to the 
aforesaid first metal introduced into sudi reactor, n/I is the mole ratio of the 
second monomer to the first monomer in the vapor phase in such reactor, 
MWi is the molecular weight of the first monomer, NfWn is the nwiarniar 
1 0 weight of the second monomer, and o, p, y, 5, r^, ra and are catalyst and 
reactor S3rstem dependant constants which are determined by experimental 
data; 

(h3) the value of X is determined for tixe polymer product 
witiuirawn from such reactor, as follows: 



15 



20 



N-1 



(Eqnatianfi) 

wherein N is the number of the last zone in such reactor, N-1 is the number 

N 

of the preceding zone, X^ is the value of the In(MFRt), or Wt%nt, of 

particulate polymer product withdrawn from zone N at time t. At is the 
sampling time interval, X} is the instantaneous value of the /nCMFRj), or 

Wt.%IIj determined in Equations 4 or 5, respectively, Xj.^j . is the 

calculated value of X for tiie same zone N but for tiie immediatrfy preceding 

sampling interval, and X ^ is the calculated value of X for the same 

sampling interval, but for zone' N-1; and 

25 ^^3) detennixung Ae difference between for MFR* or Wtftn^ 

calculated in Equation 6 and tiie predetermined set point value ttierefor and 
in response to tiie determined difference, adjusting 

(1) at least one of the temperature, H/I, H2/I, M2/M1, Lj, or 
Gz/Lzfor MFr" , or 
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(2) at least one of then/I, La, or Gz/Lz for Wt.%IIj ; 

in order to reduce the difference between such determined and pre- 
determined set point values to a piedetennined acceptable level therefor, 

4. The method of Qaim 1 wherein the first monomer is 
5 propylene and homopol3nherization occurs. 

5. The method of Claim 4 wherein the mole ratio of hydrogen to 
propylene in the vapor phase in the reactor is in the range of from about 
0.002 to about 0.04. 

6. The method of Claim 1 wherein a single reactor is employed, 
10 the first monomer is propylene and the second monomer is eOiylene and 

copdymerization occurs and a random copolymer is formed. 

7. The method of Claim 6 wherein the mole ratio of hydrogen to 
propylene in the vapor phase in eadi reactor is in the range of from about 
0.002 to about 0.04 and the mole ratio of ethylene to propylene in the range 

15 of from about 0.004 to about 0.03. 

8. The method of Qaim 1 wherein the first metal is titanium. 

-9. The method of Claim 1 wherein the second metal is 
aluminum. 

10. The method of . Claim 8 wherein tiie second metal is 
20 aluminum. 

11. The method of Claim 10 wherein tite mole ratio of aluminum 
to titaniiun introduced into each reactor is in the range of from about 60 to 
aboutl20. 

12. The mediod of Claim 1 wherein two reactors are employed in 
25 series, and a homopolymer of propylene is prepared in the first reactor and 

is passed into tiie second reactor where an impact copoljfmer is formed by 
the copol]anerization of propylene and ethylene in the presence of the 
homopolymer of propylene. 

13. The method of Qaim 12 wherein in the second reactor the 
30 mole ratio of erthylene to propylene in the vapor phase is in the range of 

from about 0.2 to about 0.4. 
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